Abstract." In order to identify chromosomal genetically programmed responses to toxic metal exposure, a library of 3000 Escherichia coli clones was created that contained the promoterless luxAB genes of Vibrio harceyi inserted at single and random chromosomal loci. Changes in gene expression, as measured by a change in luminescence, were monitored after exposure of the clones to various metals. In this manner, we have identified two clones that showed an increase in luminescence in the presence of aluminum, one clone in the presence of nickel, and two clones in the presence of selenite. Identification of the metal-induced gene(s), and characterization of their biochemical function, will provide important clues about the effects of these metals at the molecular level.
Introduction
Paracelsus (1493-1541) stated: "All substances are poisons; there is none that is not a poison. The right dose differentiates a poison and a remedy" [1] . Some metals are essential for life (e.g. Co, Cu, Mo, Mn, Ni, Se, Zn) because they provide essential cofactors for metalloproteins and enzymes, while others are not (e.g. A1, Cd) [2] . However, at elevated concentrations, metals can act in a deleterious manner by blocking essential functional groups, displacing essential metal ions, or modifying the active conformation of biological molecules [3] .
Microorganisms can survive a wide range of changes in their environment (including elevated * Corresponding author. (514) 398 3926; Fax: (514) 398 7052 concentrations of toxic compounds) by altering gene expression (and thus their physiology). One example, called the SOS response, involves induction of the expression of proteins that repair DNA damage after exposure to genotoxic agents. Under normal conditions, Escherichia coli DNA repair enzymes are repressed by the LexA protein. In the presence of excess single-stranded DNA (caused by DNA damage or stalled DNA replication forks), RecA protein becomes activated as a protease and cleaves the LexA repressor, leading to increased transcription of genes which encode DNA repair enzymes, and thus in repair of the damaged DNA [4] . Another example of a cellular response to stress is the expression of a set of proteins when a growing cell is rapidly shifted to a higher temperature, termed 'heat shock'. This is due to the activation of a sigma factor, sigma-32, which replaces the normal 370 sigma factor, sigma-70, on RNA polymerase, changing the specificity of promoter recognition, and resulting in the expression of a new set of proteins to cope with the stress. The heat shock response is ubiquitous; it occurs in prokaryotes, eukaryotes and archaebacteria. Some of the E. coli heat shock genes and proteins have homo-[ogues in eukaryotic organisms. Among prokaryotes, there is similarity in the electrophoretic pattern of heat shock proteins [5] .
To determine if bacteria contain genetically programmed responses to elevated metal concentrations in the environment, we searched for genes in E. coli, the level of expression of which could be affected by metals. Identification and elucidation of the gene(s) and their product(s) enable the characterization of the precise molecular effects and cellular genetic responses upon toxic metal exposure. Furthermore, due to the luciferase-encoding luxAB gene fusions used to identify the metal-response genes, a change in gene expression is transduced into a change in cellular light emission, creating luminescent biosensors that can be used to rapidly quantify the bioavailable presence of the metal in the environment.
Identification of genes whose level of expression is changed by metals
To identify chromosomal genes, the expression of which changes in the presence of a metal, it is necessary to rapidly quantify gene expression. The luciferase-encoding Vibrio han,eyi luxAB genes were chosen, as they catalyze a reaction that oxidizes an aldehyde and FMNH 2 to emit light as an end product [6] . The amount of luxAB expressed is thus proportional to the amount of cellular luminescence. Insertion of the luxAB genes (minus their own promoter) within a gene places luxAB production under the control of the regulatory region of the bacterial gene (Fig. 1A) . Since the location (or the existence) of the metal-regulated gene(s) in the E. coli chromosome is unknown, it was necessary to monitor the expression of every gene, of which there are estimated to be approximately 3000 [7] . The lu~B Depicted is a hypothetical gene, Gene X, transcription of which is induced by cellular exposure to a metal, The promoterless ho:AB genes of V. han,eyi, along with a tet r selectable marker, are inserted into Gene X using an enfeebled transposon Tn5, composed of 23 base pairs of the left end of IS50 and a complete copy of the right end [8] . This places luxAB under the control of the regulatory region of Gene X so that now, in the presence of the metal, expression of Gene X results in expression of lux_4B, measured as an increase in luminescence. (B) Measurement of luminescence. Three Petri dishes (six patches of clones per Petri dish), containing either 0, 1 or 10 ppm of a metal, are shown being exposed to an X-ray film. After developing, the amount of luminescence can be determined as a darkening of the X-Ray film. The arrow indicates a clone that increases its luminescence with increasing concentrations of the metal.
genes, plus a tet r gene (which acts as a selectable marker), were introduced into the bacterial chromosome using an enfeebled Tn5 transposon, composed of a truncated IS50L and a complete IS50R [8] . A library of 3000 E. coli clones, each containing the luxAB genes inserted at single and random chromosomal loci, was prepared [9] and the level of luminescence of each clone was moni-toted in the absence and presence of various metals incorporated into the growth medium. The concentrations of metals were chosen to be just above environmental background levels, but well below cytotoxic doses. By overlaying Petri dishes containing luminescent microorganisms with an X-ray film (Fig. 1B) , luminescence can be semiquantitatively displayed after exposure and development.
Isolation of clones that show increased luminescence in the presence of aluminum, nickel and selenite
Screening of the 'library' with the metals aluminum, nickel and selenium (in the chemical form of selenite) resulted in the identification of five different clones. Aluminum is the most abundant crustal metal [10] , yet it has no known biological function [2] . However, aluminum exposure can cause diverse effects [11] [12] [13] , such as damage to the gill epithelia of fish [14] , in addition to being responsible for a multitude of disorders in human hemodialysis patients [10] . Nickel is an essential trace element for bacterial ureases, hydrogenases, methylcoenzyme M reductases, and CO-dehydrogenases [15] . Nickel has adverse growth and differentiation effects on human cells in vitro [16] and is carcinogenic [17] . Nonetheless, nickel compounds yield negative results using bacterial mutagenesis tests, but can test positive in mammalian mutagenicity assays [17, 18] . Selenium decreases reproductivity in fish [19] , yet can be an essential trace element for microorganisms (see below) [2] . Selenium is unusual due to the narrow range of concentrations in which it displays biological activity or toxicity [2] . Depicted in Fig. 2 are the X-ray exposures of circular spots (radius = 0.5-1 cm) of each clone after exposure to concentrations of the metals in the range of 0 to 10 ppm (~g ml ~). Aluminum was incorporated into the growth medium at an acidic (5.5) and a neutral (7.0) pH because acidic environments have been shown to increase the toxicity of aluminum [20] . Strain LF20110 displays a dose-dependent increase in luminescence with increasing concentrations of 1 and 10 ppm alu- After addition of dodecyl aldehyde, the plates were exposed to X-Ray film. Shown are 1 or 2 cm 2 photographs of the X-Ray film. minum, with a higher maximal level at pH 5.5 than 7.0. Strain LF20111 also shows a dose-dependent increase in luminescence at pH 5.5, but displays no change in luminescence at pH 7.0. The higher induction seen at pH 5.5 could be due to the higher toxicity of aluminum at this pH [20] , either due to its increased availability to the cell or a change to a more toxic chemical species. This clone also displayed an increase in luminescence in the presence of copper, iron, and nickel [21] . One clone, strain LF20112, was found that displayed a dose-dependent increase with increasing concentrations of nickel (Fig. 2) , with a 7.7-fold increase in luminescence observed at 50 ppm nickel as measured by luminometry [22] . The addition of increasing concentrations of cobalt, an element with similar properties to nickel, also induced the luminescence of this clone, but did not increase it to as high a level as nickel using equivalent concentrations. No significant increase in luminescence was observed in the presence of increasing concentrations of copper, iron, magnesium or zinc [22] .
Two clones, strains LF20113 and LF20116, were found that displayed an increased luminescence when the 'library' was screened with selenite (Fig. 2) . Growth of our strains of E. coli on selenite at 10 ppm caused an accumulation of a brick-red pigment. This is probably due to the reduction of selenite to red amorphous selenium, which in E. coli has been reported to accumulate in the cell wall and membrane [2] . It is not known how selenite enters the cell or how it is reduced to Se 2+ [23] . Although strains LF20113 and LF20116 contain polar Tn5-luxAB insertions in the selenite-induced cistrons, neither is altered in the ability to produce the characteristic red-brick color when grown on media containing 10 ppm selenite.
Elucidation and characterization of genes induced by aluminum, nickel and selenite
The ultimate goal of our research is to identify the gene(s) and protein(s) involved in metal metabolism and toxicity. Our genetic system is also designed to facilitate the cloning of the metal-induced genes. The tet r gene is used as a selectable cloning marker to isolate DNA fragments downstream of (and adjacent to) the site of Tn5-luxAB insertion (Fig. 3) . Once isolated, the DNA sequence at the junction between IS50R and the downstream part of the gene is determined directly using an oligonucleotide spanning the outside end of the IS50R DNA segment. This DNA sequence is then compared with other known sequences in the EMBL databank. Simultaneously, a fragment containing part of IS50R and the DNA at the downstream junction is purified, labelled and hybridized to a set of filters containing DNA of the A library of the E. coli BarnHI, followed by ligation to the plasmid pUCll9 also hydrolyzed with BamHI, generates many recombinants, only one of which will be selected due to its ability to confer resistance to tetracycline. This recombinant plasmid will also chromosome [24] . By determining which phage(s) the fragment hybridizes to and the restriction map of the cloned DNA fragment, it is possible to delineate the approximate location of the Tn5-luxAB insertion (and thus the metal-induced gene) on the E. coli genome.
Using these techniques, the luxAB genes of strain LF20111 (Fig. 2) were found to be inserted 97 base pairs downstream of the fliC translational start codon. The fliC gene encodes flagellin, the single protein subunit of the E. coli motility organ [21] . Strain LF20112 (containing a nickel-induced luciferase gene fusion) was shown to contain the luxAB genes inserted 3205 base pairs downstream of the cel operon transcriptional start site, in the celF gene [22] . This operon is cryptic in wild-type E. coli, and its polypeptides are involved in the catabolism of /3-glucosides [25] . The relationship of nickel to these gene products is at present not understood. However, DNA sequencing revealed the presence of a gene that encodes an expressible 28-kDa polypeptide located immediately downstream of celF [22] . We are currently determining whether this new polypeptide has a role in nickel metabolism. Strain LF20110 contains the luxAB genes inserted in a previously uncharacterized aluminum-inducible gene that is now being sequenced.
The site of luxAB insertion in the selenite-induced clones LF20113 and LF20116 are currently being determined. Genes involved in selenium metabolism have been identified in E. coli [23, 26, 27] . Selenium, in the form of the amino acid selenocysteine, is required for the expression of formate dehydrogenase, of which there are three isozymes, two anaerobic (FDH n and FDH N) and one aerobic (FDH o) [28] . Mutants in selenium metabolism fall into two complementation groups: both block incorporation of selenium into the formate dehydrogenase polypeptides, whereas one group also blocks incorporation into tRNA. The gene for FDH n contains an in-frame UGA termination codon that co-translationally directs the incorporation of selenocysteine, without which a truncated polypeptide results. All the known selenium metabolic genes encode proteins that are involved in selenocysteyl-tRNA sec synthesis and incorporation of selenocysteine into the selenoproteins, except for seID which provides reduced and active selenium for incorporation into the tRNA [23, 26, 27] . The transcription of the gene encoding FDH H [29] and of the genes involved in selenium incorporation as selenocysteine into formate dehydrogenase [28] are independent of the absence or presence of selenium. Thus, it is entirely possible that strains LF20113 and/or LF20116 contain the Tn5-luxAB element inserted in previously uncharacterized genes.
Conclusions
We have developed a system that uses luminescent E. coli to detect the presence of specific (classes of) metals in contaminated environments. These clones can be used as rapid and sensitive biosensors to quantitate the bioavailable amounts of environmental metals in a cost efficient manner. The library of 3000 E. coli clones is currently being screened with other metals to identify different specific luminescent biosensors. Furthermore, the 'gene-tagging' approach used in our research makes it possible to identify the gene products, the levels of which are affected by these metals. Elucidation of the function of these gene products may provide insight into the cellular targets, signal transduction pathways, and the mechanisms of sensitivity to metal exposure.
